Abstract. We obtained the corroded steel bars by conducting electrically-accelerated corrosion tests. Then, to investigate the effects of the corrosion ratio and the stress amplitude on the fatigue life, and to further study the damage evolution law under corrosion and fatigue loads, we performed axial fatigue tests on 13 steel bars with various corrosion ratios. The laboratory results show that the fatigue life is logarithmical linear to the stress amplitude, and the increase in corrosion ratio leads to the accelerated decrease in the fatigue life. In addition, the increase in stress amplitude can accelerate the fatigue damage, and further decreases the fatigue life. With the laboratory data, we further established a model to predict the fatigue life of the steel bars with various corrosion ratios. The evolution of the residual strains includes the relatively rapid increase, stable increase and rapid increase stages. Moreover, we developed an evolution equation for the residual strain, and this equation can properly describe the laboratory results. Furthermore, considering the fatigue damage, we proposed a constitutive model to describe the stress-strain curve of the corroded steel bar under static tension. The comparison shows that the calculated stress curves agree well with the laboratory curves.
Introduction
The ingressions of the CO 2 and the chloride ion, from the voids of the concrete, frequently decrease the pH value in the reinforced concrete of the bridge, and further damage the passivated film of the steel bars. Then, corrosion occurs when the steel reacts with oxygen and water. Besides the dead load, repeated loads, resulting from the vehicles, may act on the bridge. Therefore, the variations in the vehicle weight and density may cause fatigue loads on the steel bars. Clearly, the adaptation, the safety and the fatigue life of these steel bars, exposed to corrosion and fatigue loads, may significantly decrease. Thus, the laboratory investigation on the damage evolution law of the reinforced concrete, exposed to corrosion and fatigue loads, may contribute to the safety analysis and the fatigue life prediction.
Brittle failure is the main fatigue failure pattern for the reinforced concrete beam [1, 2] . First, the corrosion of the steel bar increases the brittle failure risk. Previous studies have investigated the relation between the corrosion depth and the strength, the ductility and the corrosion ratio of the steel bar [3] [4] [5] . Some studies have also studied the effect of the corrosion depth on the mechanical properties of the corroded steel bar [6, 7] . Silvia [8] proposed that the energy, consumed in the fatigue tests, decreases with the increase in the corrosion ratio. Apostolopoulos [9, 10] stated that the corrosion ratio significantly affects the strength, ductility and fatigue life of the steel bars under low frequency loads. In addition, Cao [11] and Li [12] conducted fatigue tests on corroded steel bars, and further proposed a curve of the fatigue stress amplitude ( ) and the fatigue life ( ). Zhang [13] and Li [14] found that the increase in corrosion ratio decreases the fatigue strength, the ductility and the fatigue life of the naturally and man-made corroded steel bars. Moreover, Zhang [15] stated that the fatigue process of the steel bar includes three stages.
Liu [16] established a damage evolution equation for the rectangular reinforced concrete. The above studies significantly contribute to understanding the effect of corrosion ratio or fatigue load on the strength, the ductility and the fatigue life of the steel bars. However, the coupled influence of the corrosion and the fatigue load on the damage evolution lacks detail investigations. Furthermore, because of the corrosion and fatigue loads, the strength, the stiffness and the ductility of the steel bars may continuously decrease. Correspondingly, the stress-strain curve of the steel bar varies. Fernandez [17] investigated the influence of the corrosion ratio on the constitutive relation. Wu [18] and Zhang [19] established a constitutive equation based on the static tension tests. Zhang [20] conducted fatigue tests and static tension experiments to study the effect of corrosion ratio and fatigue loads on the constitutive law. The results showed that the increase of the corrosion ratio reduces the yield stage, and the increase in the fatigue cycles will shrink the ultimate deformation. However, the effect of the accumulated damage, caused by corrosion and fatigue loads, on the constitutive law lacks sufficient investigations. Additionally, the proposed models fail to describe the stress-strain curve of the corroded steel bars, after fatigue loads.
In the present article, we conducted electrically-accelerated corrosion tests, axial fatigue tests, and static tension tests to investigate the degeneration features of the fatigue life and the evolution characteristics of the residual strain of the corroded steel bars. In addition, we proposed a prediction equation for fatigue life, and an evolution equation for the residual strain. The damage variable is defined by using the fatigue residual strain of corroded steel bars, and the stress-strain constitutive relation of steel bars considering the damage variable is established.
Laboratory tests

Laboratory preparation
The diameter, the yield strength and the ultimate strength of the HRB 335 steel bars, with the same length, were 16 mm, 425 MPa and 557.5 MPa, respectively. To simulate the corroded steel bars in the practical reinforced concrete, the steel bars were embedded in the concrete plate, with the dimension of 1000 mm×500 mm×100 mm (Fig. 1) . Then, the steel bars were electrically corroded. According to the Faraday's law, we obtained the corroded steel bars with specific corrosion ratios by controlling the conduction time. Table 1 lists the conduction time and the corresponding current intensity. In addition, the ends of the steel bars were wax-sealed to avoid failure in the fatigue tension tests (Fig. 2) . In the electrical corrosion tests, the reinforced concrete plate was submerged in the NaCl solution with a concentration of 5 %. Then, the steel bar and the copper plate were connected to the positive and negative anodes of the power supply, respectively (Fig. 3) . The ampere density in the tests was about 150 μA·mm -2 . When the conduction time reached to the preset values, we separated the corroded steel bars from the reinforced concrete, and then removed the concrete residuals and steel rusts of the corroded steel bars. Subsequently, we saturated the corroded steel bars in the hydrochloric acid solution with a concentration of 12 % to solve the rusts. Then, after the washing by clean water, the saturation in limewater for neutralization, the second washing and the drying in the oven in sequence, the steel bars were weighted. 
Loading modes
The PM-500 hydraulic fatigue machine was applied in the fatigue tests. The steel bars were fixed on the prefabricated reaction frame which can transmit axial fatigue loads to the steel bars. According to the previous study [21] , the allowed stress amplitude in the fatigue tests is usually 155 MPa. Based on the previous studies [13, 14] , the fatigue stress amplitude for the corrosion ratios of 0, 3 %, 6 %, 9 %, 12 % and 15 % was 200 MPa. In addition, we applied two stress amplitudes of 240 MPa and 280 MPa on the specimens with the corrosion ratios of 9 %, 12 % and 15 %. To avoid vibration of the testing apparatus, the loading frequency was 3 Hz.
In addition, to study the residual strain after specific load cycles, we ceased the load process every specified cycles, measured the stable residual strain, and restarted the load process until fatigue failure occurred. Moreover, to determine the static mechanical properties of the corroded steel bars, axial tension tests on six corroded steel bars, with various corrosion rates and the stress amplitude of 200 MPa, were conducted. Fig. 4 shows the corresponding test procedures. 
Fatigue test results
Axial fatigue tests were performed on the steel bars, containing relatively even corroded grooves. In total, we conducted 13 successful tests, characterized by the fatigue failure at the middle part instead of the ends. Table 1 shows the corresponding test parameters and results. 
Failure characteristics of the corroded steel bars
Brittle failure, characterized by the smooth failure surface and no necking, occurred (Fig. 5) . Clearly, the failure section included the source area of the crack, the crack propagation area and the instant fracture area. Frequently, failure occurred on the section with relative large corrosion ratio or on the interface between the corroded and intact steel parts. 
Curves of the stress amplitude and fatigue life for various corrosion ratios
The function of the fatigue life ( ) and the stress amplitude ( ), in the form of -curve, can properly illustrate the results of the fatigue tests. In the present article, considering the even section loss of the corroded steel bars, the stress amplitude ( ) was substituted by the nominal stress amplitude ( ) which was calculated according to the residual section area after corrosion. Thus, Eq. (1) can properly depict the relation between and :
where and are the fatigue life and the nominal stress amplitude; and are corresponding coefficients concerning corrosion ratio.
After conducting linear regression analysis, the corresponding fatigue coefficients (A and m) and the correlation coefficient ( ) of the laboratory results (Table 1) are shown in Fig. 6 and Table 2 . The correlation coefficients (higher than 0.99 in Table 2 ) show that the fatigue stress amplitude is linear to the fatigue life. In addition, the degeneration index exponentially increases with the increase in corrosion ratio (Fig. 8) . This phenomenon indicates that the bearing area of the steel bars decreases with the increase in the corrosion ratio, thus, the increase of the stress amplitude may accelerate the fatigue damage of the steel bars. Correspondingly, the degeneration of the fatigue life is accelerated. For various stress amplitudes, the fatigue life exponentially decreases with the increase in corrosion ratio (Fig. 7) . The decrease ratios of the fatigue life for the corrosion ratios of 3.87 %, 6.78 %, 9.47 %, 12.32 % and 15.35 % were 51.26 %, 60.84 %, 65.82 %, 71.04 % and 79.22 %, respectively, when the stress amplitude was 200 MPa. When the stress amplitude increased to 240 MPa, the decrease ratios of the fatigue life, compared to those for the stress amplitude of 200 MPa, were 77.37 %, 78.38 % and 77.86 % when the measured corrosion ratios were 9.23 %, 12.46 % and 16.66 %, respectively. When the stress amplitude further increased to 280 MPa, the corresponding decrease ratios, compared to those for the stress amplitude of 200 MPa, were 93.58 %, 94.37 % and 93.83 % when the measured corrosion ratios were 8.86 %, 11.54 % and 14.96 %, respectively. Thus, we can infer that the simultaneous increases of the corrosion ratio and stress amplitude can significantly increase the degeneration rate of the fatigue life.
The prediction model of the fatigue life
The sectional corrosion ratios and the stress amplitudes for the tested corroded steel bars were different. Thus, the establishment of the calculation equation, simultaneously considering the corrosion ratio and the stress amplitude, may contribute to predicting the fatigue life of the corroded steel bar under fatigue loads. According to the laboratory results, the fatigue curve of the corroded steel bars in the log-log coordinate system is a straight line (Fig. 6) . In addition, assuming that the coefficients (A and m) are linear to the sectional corrosion ratio, , we can obtain the equations of the fatigue curve [13, 14] : 
thus, Eqs. (2), (3) and (4) can be uniformly expressed as:
Therefore, Eq. (5) can be used to calculate the fatigue life for the specific stress amplitude or the fatigue strength after the specific fatigue cycles. According to Eq. (5), the parameters can be determined by the practical loading amplitude and the corrosion ratios.
The evolution law of the fatigue damage
To investigate the damage evolution law of the corroded steel bar under fatigue loads, we analyzed the residual strains of the corroded steel bars for various corrosion ratios after specific cycles, when the stress amplitude was 200 MPa. In addition, we defined the fatigue residual strain as the damage variable. With the evolution equation of the residual strains after fatigue loads and the damage variable of the corroded steel bars, we can analyze the damage evolution law of the corroded steel bars under fatigue loads. Table 3 lists the residual strains. With the data in Table 3 , Fig. 9 shows the nonlinearly fitted curve of the residual strain. The correlation coefficients are higher than 99 %, thus, the evolution equation of the residual strain is:
where is the accumulated residual strain after n cycle, n is the cycle times, is fatigue life, , and are the coefficients of the equation. Then, the evolution indexes for various evolution equations are in Table 4 . Fig. 9 shows that the residual strain included the relatively rapid increase, stable increase and rapid increase stages.
With the analysis of the residual evolution, we defined the damage variant , based on the fatigue residual strain under corrosion and fatigue loads:
where 0 and are the initial residual strain and the accumulated residual strain when fatigue fracture occurs.
The stress-strain curve of the corroded steel bars after fatigue loads
The steel bar, exposed to tension, frequently deforms elastically, yields, strengthens and fails in the form of necking in sequence. In the fatigue test, the fatigue load is commonly lower than the yield strength. Thus, in the present article, we further investigated the stress-strain curve of the corroded steel bars with the specific accumulated strain, caused by the staged fatigue loads. Moreover, we proposed a constitutive equation for the corroded steel bar Eq. (8):
where and are the static tension stress and strain after n cycles, is the corresponding damage variant; Es is the initial elastic modulus, − 1 is the residual strain after − 1 cycles; is the yield strength after cycles, 1 is the yield strength after 1 cycles and is the yield strain. Fig. 10 shows the laboratory stress-strain curves and the calculated curves, based on Eq. (8) . Clearly, the calculated curves agree well with the laboratory curves. The deviations of the start points from the original point show that the residual strain increases with the increases in corrosion ratio and cycles. In addition, the decrease in the slope of the stress-strain curve indicates that the stiffness of the corroded steel bar significantly declines when the damage accumulates. This tendency is in accordance with the evolution law of the damage variant . 
Conclusions
We analyzed the influences of the average corrosion ratio and the stress amplitude on the fatigue life of the corroded steel bars. In addition, we studied the damage evolution law of the steel bars under corrosion and fatigue loads. The main conclusions are: 1) Brittle fractures, characterized by the even failure surface, non-necking and abrupt fracture and locating on the significantly corroded sections, occurred in the fatigue tests on the corroded steel bars.
2) The increases in the corrosion ratio and the stress amplitude significantly decreased the fatigue life. With the increase in the corrosion ratio, the fatigue life of the steel bars exponentially decreases. Thus, the fatigue failure time is significantly reduced.
3) Residual fatigue strain occurred after specific cycles. In addition, for the same cycles, the residual strain was positively linear to the increase in corrosion ratio. Moreover, the development of the residual strain included the relatively fast, stable and rapid increment stages. Furthermore, the calculated results, obtained from the proposed evolution equation of the fatigue residual strain, agreed well with the laboratory results.
4) The proposed constitutive equation, based on the defined damage variable, can properly depict the stress-strain curve of the laboratory tests.
